











































































学校编码：10384                                     分类号   密级        
学号：20520110153713                                          UDC                  
 
 
          博  士  学  位  论  文 
                                           
负载金和金钯合金催化剂上醛（醇）一步氧
化酯化和 5-羟甲基糠醛选择氧化的研究 
Studies on Oxidative Esterification of Aldehyde (Alcohol) and 
Selective Oxidation of 5-Hydroxymethylfurfural over Supported 




指导教师姓名： 王野  教 授 
专  业 名 称： 物 理 化 学 
论文提交日期：2014 年   月 
论文答辩时间：2014 年   月 
学位授予日期：2014 年   月 
  
答辩委员会主席：           
评    阅    人：           
 















A thesis submitted to Xiamen University for P. H. Degree 
 
 
Studies on Oxidative Esterification of Aldehyde (Alcohol) 
and Selective Oxidation of 5-Hydroxymethylfurfural over 




By        Xiaoyue Wan 
 








State Key Laboratory of Physical Chemistry of Solid Surfaces  





































另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 



















摘要 ................................................................................................................................ I 
Abstract ....................................................................................................................... III 
第一章 绪 论                                            
1.1 引言 ..................................................................................................................... 1 
1.2 生物质及其衍生平台化合物简介 ..................................................................... 1 
1.2.1 生物质.......................................................................................................... 2 
1.2.2 5-羟甲基糠醛 ............................................................................................... 3 
1.2.3 2,5-呋喃二甲酸的简介及应用 .................................................................... 5 
1.3 5-羟甲基糠醛氧化制 2,5-呋喃二甲酸的研究背景 ........................................... 8 
1.3.1 均相催化体系............................................................................................. 11 
1.3.2 多相催化体系............................................................................................. 12 
1.3.2.1 添加可溶性碱的多相催化体系...................................................... 12 
1.3.2.2 不添加可溶性碱的多相催化体系................................................. 16 
1.3.3 其他催化体系............................................................................................. 17 
1.3.3.1 电催化体系..................................................................................... 17 
1.3.3.2 生物酶催化体系............................................................................. 18 
1.4 碳纳米管在催化中的应用 ............................................................................... 18 
1.4.1 碳纳米管的结构和性质............................................................................ 18 
1.4.2 碳纳米管催化中的应用............................................................................ 19 
1.5 甲基丙烯醛一步氧化酯化制甲基丙烯酸甲酯的研究 .................................. 21 
1.5.1 甲基丙烯酸甲酯的性质及应用................................................................ 22 
1.5.2 甲基丙烯酸甲酯的研究背景..................................................................... 22 
1.5.2.1 丙酮氰醇法（ACH 法）及其改进 ............................................... 23 
1.5.2.2 异丁烯法......................................................................................... 25 

















1.5.2.4 其他方法......................................................................................... 27 
1.5.3 甲基丙烯醛一步氧化酯化制备甲基丙烯酸甲酯的研究现状................ 28 
1.5.3.1 复合氧化物催化剂......................................................................... 29 
1.5.3.2 Pd 基催化剂 .................................................................................... 30 
1.5.3.3 Au 基催化剂 .................................................................................... 30 
1.5.3.4 Pt 基催化剂 ..................................................................................... 31 
1.5.3.5 Ru 基催化剂 .................................................................................... 31 
1.6 论文的构思与目的 ........................................................................................... 32 
1.6.1 5-羟甲基糠醛选择氧化制备 2,5-呋喃二甲酸 .......................................... 32 
1.6.2 甲基丙烯醛氧化酯化制备甲基丙烯酸甲酯............................................. 33 
1.7 论文的组成与概要 ........................................................................................... 34 
参考文献 .................................................................................................................. 35 
第二章 实验部分                                        
2.1 原料与试剂 ....................................................................................................... 58 
2.2 催化剂的制备 ................................................................................................... 60 
2.2.1 碳材料载体的预处理................................................................................ 60 
2.2.2 催化剂的制备............................................................................................ 61 
2.2.2.1 Au-Pd/CNT 催化剂的制备 ............................................................. 61 
2.2.2.2 沉积-沉淀法制备 Au/MgO 催化剂 ............................................... 61 
2.3 催化反应性能测试 ........................................................................................... 62 
2.3.1 反应性能评价............................................................................................. 62 
2.3.2 反应结果分析............................................................................................. 63 
2.4 催化剂的表征 ................................................................................................... 63 
2.4.1 X-射线粉末衍射 (XRD) ........................................................................... 63 
2.4.2 高分辨透射电子显微镜 (HRTEM) ......................................................... 64 
2.4.3 程序升温脱附 (TPD) ............................................................................... 64 
2.4.4 电感耦合等离子体原子发射光谱（ICP） ............................................. 64 

















2.4.6 N2 物理吸脱附 (BET) ............................................................................... 65 
2.4.7 CO2 吸附量的测定 ..................................................................................... 65 
2.4.8 激光 Raman 光谱 ...................................................................................... 65 
参考文献 .................................................................................................................. 66 
第三章 Au-Pd/CNT 催化剂上 5-羟甲基糠醛选择氧化的研究   
3.1 引言 ................................................................................................................... 67 
3.2 结果与讨论 ....................................................................................................... 68 
3.2.1 Au-Pd 合金催化剂的制备 ......................................................................... 68 
3.2.2 不同载体负载 Au-Pd 催化剂的催化性能 ................................................ 69 
3.2.3 Au-Pd 催化剂的稳定性考察 ..................................................................... 71 
3.2.4 Au-Pd 含量对 Au-Pd/CNT 催化性能的影响 ............................................ 74 
3.2.5 Au-Pd/CNT 上 HMF 选择氧化的动力学研究 ......................................... 75 
3.2.5.1 反应温度的影响............................................................................. 75 
3.2.5.2 氧气压力的影响............................................................................. 76 
3.2.5.3 反应时间的影响............................................................................. 77 
3..2.5.4 HMF 浓度的影响 ........................................................................... 78 
3.3 本章小结 ........................................................................................................... 78 
参考文献 .................................................................................................................. 79 
第四章 Au-Pd/CNT 催化剂上 5-羟甲基糠醛选择氧化的载体效应  
4.1 引言 ................................................................................................................... 82 
4.2 结果与讨论 ....................................................................................................... 83 
4.2.1 不同载体及其负载 Au-Pd 催化剂的表征 ............................................... 83 
4.2.2 不同载体上 HMF 及中间产物的吸附测试 ............................................. 85 
4.2.3 CNT 的预处理条件对 Au-Pd/CNT 催化性能的影响 .............................. 87 
4.2.4 不同条件预处理 CNT 的表征.................................................................. 88 

















4.2.4.2 N2 物理吸脱附表征 ......................................................................... 88 
4.2.4.3 激光 Raman 光谱表征 ................................................................... 89 
4.2.4.4 TPD 表征 ......................................................................................... 90 
4.2.4.5 XPS 表征 ......................................................................................... 93 
4.2.5 不同预处理 CNF 负载 Au-Pd 催化剂的催化性能及其表征 ................. 95 
4.2.5.1 不同预处理 CNF 负载 Au-Pd 催化剂的催化性能 ...................... 95 
4.2.5.2 不同预处理 CNF 负载 Au-Pd/CNF 的表征 ................................. 96 
4.2.6 不同预处理 CNT 负载 Au-Pd 催化剂上反应物及中间产物的吸附 ..... 99 
4.2.7 碳材料表面官能团模型化合物对反应性能的影响............................... 100 
4.3 本章小结 .......................................................................................................... 100 
参考文献 ................................................................................................................ 102 
第五章 Au-Pd/CNT 催化剂上 5-羟甲基糠醛选择氧化的合金效应 105 
5.1 引言 ................................................................................................................. 105 
5.2 结果与讨论 ..................................................................................................... 105 
5.2.1 不同 Au/Pd 比的 Au-Pd/CNT 的 TEM 表征 .......................................... 105 
5.2.2 不同 Au/Pd 比的 Au-Pd/CNT 的催化性能 ............................................. 106 
5.2.3 Au-Pd/CNT 催化剂上 HMF 氧化反应路径的考察................................ 107 
5.2.4 Au-Pd/CNT 催化剂中单组分功能的考察 .............................................. 111 
5.2.4.1 Au/CNT 催化 HMFCA 的转化…………………………………..111 
5.2.4.2 单组分催化剂及 Au-Pd/CNT 催化剂上 DFF 和 FFCA 转化的研究
 ....................................................................................................... 111 
5.2.4.3单组分催化剂及Au-Pd/CNT催化剂上催化HMF和中间产物转化
的初始转化速率 ........................................................................... 113 
5.3 本章小结 ......................................................................................................... 115 
参考文献 ................................................................................................................ 116 

















6.1 引言 ................................................................................................................. 118 
6.2 结果与讨论 ..................................................................................................... 119 
6.2.1 不同载体负载纳米 Au 催化剂的催化性能 ............................................ 119 
6.2.2 Au 负载量对 Au/MgO 催化剂催化性能的影响 .................................... 120 
6.2.3 Au/MgO 催化剂的稳定性考察 ............................................................... 121 
6.2.4 MAL 氧化酯化反应动力学研究 ............................................................. 121 
6.2.4.1 反应温度的影响........................................................................... 122 
6.2.4.2 氧气压力的影响........................................................................... 122 
6.2.4.3 反应时间的影响........................................................................... 123 
6.2.4.4 催化剂用量的影响....................................................................... 124 
6.2.4.5 不同醇醛比的影响....................................................................... 125 
6.2.5 Au/MgO 催化剂上其他醛（醇）氧化酯化反应的催化性能 ............... 126 
6.3 本章小结 ......................................................................................................... 127 
参考文献 ................................................................................................................ 128 
第七章  Au/MgO 催化剂的结构和催化甲基丙烯醛氧化酯化       
性能的探究                                      
7.1 引言 ................................................................................................................. 131 
7.2 结果与讨论 ..................................................................................................... 131 
7.2.1 载体性质对催化性能的影响................................................................... 131 
7.2.1.1 不同载体负载纳米 Au 催化剂的基本表征 ................................ 131 
7.2.1.2 载体碱性和碱量的分析............................................................... 133 
7.2.2 Au 尺寸对催化性能的影响 ..................................................................... 136 
7.2.2.1 不同 Au 尺寸的 Au/MgO 催化剂的制备及 TEM 表征 ............. 136 
7.2.2.2 不同 Au 尺寸的 Au/MgO 催化剂的催化性能 ........................... 138 
7.2.2.3 不同 Au 尺寸的 Au/MgO 催化剂上 MAL 氧化酯化的本征转化频
率..................................................................................................... 139 

















7.3 本章小结 ......................................................................................................... 143 
参考文献 ................................................................................................................ 144 
第八章 结论  
8.1 Au-Pd/CNT 催化剂上 5-羟甲基糠醛选择氧化反应 .................................... 148 
8.2 Au/MgO 催化剂上甲基丙烯醛氧化酯化反应 .............................................. 149 
作者简介及发表论文目录 ....................................................................................... 151 


















Abstract in Chinese ................................................................................... I 
Abstract in English ................................................................................. III 
Chapter 1. General Introduction                              
1.1 Introduction ............................................................................................................ 1 
1.2 Intruduction of Biomass ........................................................................................ 1 
1.2.1 Biomass ......................................................................................................... 2 
1.2.2 5-Hydroxymethylfurfural .............................................................................. 3 
1.2.3 2,5-Furandicarboxylic Acid and Its Applications ......................................... 5 
1.3 The Development of Catalysts for Producing 2,5-Furandicarboxylic Acid ...... 8 
1.3.1 The Homogeneous Selective Oxidation of 5-Hydroxymethylfurfural ....... 11 
1.3.2 The Hetrogeneous Selective Oxidation of 5-Hydroxymethylfurfural ........ 12 
1.3.2.1 The Hetrogeneous Selective Oxidation of 5-Hydroxymethylfurfural 
with Base ............................................................................................ 12 
1.3.2.2 The Hetrogeneous Selective Oxidation of 5-Hydroxymethylfurfural 
without Base....................................................................................... 16 
1.3.3 Other Catalytic Systems .............................................................................. 17 
1.3.3.1 The Electrochemical Oxidation of 5-Hydroxymethylfurfural ........... 17 
1.3.3.2 Enzyme-Catalyzed Oxidation of 5-Hydroxymethylfurfural .............. 18 
1.4 Introduction of Carbon Nanotubes and its Application in Catalysis .............. 18 
1.4.1 Structure and Properties of Carbon Nanotubes ........................................... 18 
1.4.2 Applycations of Carbon Nanotubes in Catalysis ........................................ 19 
1.5 Studies on Oxidative Esterification of Mathacrolein ........................................ 21 
1.5.1 Structure and Application of Methyl Methacrylate .................................... 22 
1.5.2 Research Background for Producing Methyl Methacrylate........................ 22 
1.5.2.1 ACH Process ...................................................................................... 23 
1.5.2.2 Isobutene Process ............................................................................... 25 

















1.5.2.4 Other Processes .................................................................................. 27 
1.5.3 The Development of Catalysts for Oxidative Esterification of Mathacrolein
...................................................................................................................... 28 
1.5.3.1 Mixed Oxides Catalytic System .......................................................................... 29 
1.5.3.2 Pd Catalytic System ............................................................................................. 30 
1.5.3.3 Au Catalytic System ............................................................................................ 30 
1.5.3.4 Pt Catalytic System .............................................................................................. 31 
1.5.3.5 Ru Catalytic System ............................................................................................ 31 
1.6 Objectives of this Thesis ...................................................................................... 32 
1.6.1 Selective Oxidation of 5-Hydroxymethylfurfural into 2,5-Furandi- 
carboxylic Acid .................................................................................................... 32 
1.6.2 Oxidative Esterification of Mathacrolein into Methyl Methacrylate .......... 33 
1.7 Outline of this Thesis ........................................................................................... 34 
References ................................................................................................................... 35 
Chapter 2. Experimental                                   
2.1 Materials and Reagents ....................................................................................... 58 
2.2 Preparation of Catalysts ...................................................................................... 60 
2.2.1 Pretreating of Carbon Meterials .................................................................. 60 
2.2.2 Preparation of Catalysts .............................................................................. 61 
2.2.2.1 Preparation of Au-Pd/CNT Catalyst by Sol Immobilization Method 61 
2.2.2.2 Preparation of Au/MgO Catalyst by Deposition Precipitation Method
............................................................................................................ 61 
2.3 Catalytic Reaction ................................................................................................ 62 
2.3.1 Catalytic Performance ................................................................................. 62 
2.3.2 Analysis ....................................................................................................... 63 
2.4 Characterizations of Catalysts ............................................................................ 63 
2.4.1 XRD Characterizations  ............................................................................. 63 

















2.4.3 TPD Characterizations ................................................................................ 64 
2.4.4 ICP Analysis ................................................................................................ 64 
2.4.5 XPS Characterizations ................................................................................ 65 
2.4.6 N2 Physisorption Characterizations ............................................................ 65 
2.4.7 CO2 Adsorption Measurements................................................................... 65 
2.4.8 Raman Spectroscopy Characterizations ...................................................... 65 
References ................................................................................................................... 66 
Chapter 3. Selective Oxidation of 5-Hydroxymethylfurfural to             
2,5-Furandicarboxylic Acid                      
3.1 Introduction .......................................................................................................... 67 
3.2 Results and Discussions ....................................................................................... 68 
3.2.1 Preparation of Au-Pd Alloy ......................................................................... 68 
3.2.2 Catalytic Behaviors of Au-Pd Loaded on Various Supports ....................... 69 
3.2.3 Stability of Catalysts ................................................................................... 71 
3.2.4 Effect of Au-Pd Loading on Catalytic Behaviors of Au-Pd/CNT ............... 74 
3.2.5 Kinetic Studies of Selective Oxidation of HMF over Au-Pd/CNT............. 75 
3.2.5.1 Effects of Reaction Temperature ........................................................ 75 
3.2.5.2 Effects of O2 Presure .......................................................................... 76 
3.2.5.3 Effects of Reaction Time ................................................................... 77 
3..2.5.4 Effects of HMF Concentrations ........................................................ 78 
3.3 Conclusions ........................................................................................................... 78 
Reference .................................................................................................................... 79 
Chapter 4. Support-Enhanced Adsorption Effect of Au-Pd/CNT 
Catalyst                                      
4.1 Introduction .......................................................................................................... 82 
4.2 Results and Discussions ....................................................................................... 83 
4.2.1 Characterizaions of Various Supports and Catalysts .................................. 83 

















4.2.3 Catalytic Behaviors of Au-Pd Loaded on the Pretreatment of CNTs ......... 87 
4.2.4 Characterizations of the Pretreatment of CNTs  ........................................ 88 
4.2.4.1 HRTEM Characterizations ................................................................. 88 
4.2.4.2 N2 Physisorption Characterizations ................................................... 88 
4.2.4.3 Raman Spectroscopy Characterizations ............................................. 89 
4.2.4.4 TPD Characterizations ....................................................................... 90 
4.2.4.5 XPS Characterizations ....................................................................... 93 
4.2.5 Au-Pd Loaded on the Pretreatment of CNFs .............................................. 95 
4.2.5.1 Catalytic Behaviors of Au-Pd Loaded on the Pretreatment of CNFs 95 
4.2.5.2 Characterizations of Au-Pd Loaded on the Pretreatment of CNFs .... 96 
4.2.6 Adsorption Amounts of HMF and Possible Intermediates the Pretreatment 
of CNTs ........................................................................................................ 99 
4.2.7 Effect of Modification by Model Orgnic Molecules on Catalytic Behaviour 
of Au-Pd/Al2O3 Catalyst ............................................................................ 100 
4.3 Conclusion .......................................................................................................... 100 
References ................................................................................................................. 102 
Chapter 5. Alloying Effec of Au-Pd/CNT Catalyst            
5.1 Introduction ........................................................................................................ 105 
5.2 Results and Discussions ..................................................................................... 105 
5.2.1 TEM Characterizations of Au-Pd/CNT Catalysts with Different Au/Pd 
Molar Ratios ............................................................................................. 105 
5.2.2 Catalytic Behaviors of Au-Pd/CNT Catalysts with Different Au/Pd Ratios 
.................................................................................................................... 106 
5.2.3 Studies on Reaction Pathways for Selective Oxidation of HMF .............. 107 
5.2.4 Cooperative Effect between Au and Pd in the Au-Pd Alloy ..................... 111 
5.2.4.1 Catalytic Behaviors of Au/CNT Catalyst for Oxidation of HMFCA
.......................................................................................................... 111 













Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.
厦
门
大
学
博
硕
士
论
文
摘
要
库
